Molecular mechanisms of apoptosis may participate in motor neuron degeneration produced by mutant superoxide dismutase-1 (mSOD1), the only proven cause of amyotrophic lateral sclerosis (ALS). Consistent with this, here we show that the proapoptotic protein Bax translocates from the cytosol to the mitochondria, whereas cytochrome c translocates from the mitochondria to the cytosol in spinal cords of transgenic mSOD1 mice during the progression of the disease. Concomitantly, caspase-9 is activated in the spinal cord of transgenic mSOD1 mice. Only in end-stage transgenic mSOD1 mice is the downstream caspase-7 activated and the inhibitor of apoptosis, XIAP, cleaved. These results indicate a sequential recruitment of molecular elements of the mitochondrial-dependent apoptotic pathway in transgenic mSOD1 mice. We also provide immunohistochemical evidence that cytochrome c translocation occurs in the spinal cord of sporadic ALS patients. Collectively, these data suggest that the mitochondrial-dependent apoptotic pathway may contribute to the demise of motor neurons in ALS and that targeting key molecules of this cascade may prove to be neuroprotective.
Amyotrophic lateral sclerosis (ALS) is a fatal paralytic disease characterized by a progressive loss of spinal cord motor neurons (Rowland, 1995) . Important insights into its pathogenesis come from the discovery that missense mutations in superoxide dismutase-1 (mSOD1) are linked to familial ALS Rosen et al., 1993) and that overexpression of different mSOD1s in mice replicate the clinical and pathological hallmarks of ALS (Brown, 1995) . mSOD1 cytotoxicity is not triggered by a loss of enzymatic activity or by a dominant negative mechanism but by a gain of function (Brown, 1995) of unknown nature.
Mounting evidence indicates that mSOD1-induced spinal cord motor neuron death involves, in part, the apoptotic machinery. Indeed, the expression of the anti-apoptotic protein Bcl-2 is decreased, whereas that of the proapoptotic protein Bax is increased in the spinal cords of human ALS cases and of transgenic mSOD1 mice (Martin, 1999; Vukosavic et al., 1999) . Furthermore, the overexpression of Bcl-2 delays the disease process in transgenic mSOD1 mice (Kostic et al., 1997) . In addition, caspase-1 and caspase-3, which belong to the family of apoptotic effector cysteine proteases (Earnshaw et al., 1999) , are sequentially activated in spinal cords of affected transgenic mSOD1 mice (Pasinelli et al., 1998 (Pasinelli et al., , 2000 Vukosavic et al., 2000) . Activation of these caspases likely participates in the neurodegenerative process of ALS, because overexpression of the dominant negative mutant M17Z of caspase-1 (Friedlander et al., 1997) or the chronic infusion of a pan-caspase inhibitor (Li et al., 2000) provide neuroprotection to transgenic mSOD1 mice.
The release of cytochrome c from the mitochondria to the cytosol is pivotal in the activation of caspases and the ensuing cell death (Kroemer and Reed, 2000) . After a death stimulus, cytosolic Bax translocates to mitochondria (Wolter et al., 1997; Gross et al., 1998) in which it can promote the release of cytochrome c (Gross et al., 1998; Jürgensmeier et al., 1998) . Once released, cytosolic cytochrome c interacts with apoptotic proteaseactivating factor-1 (Apaf-1) in the presence of dATP, which stimulates the processing of pro-caspase-9 to its active form, which in turn can then activate the executioner caspase-3 and caspase-7 (Li et al., 1997; Pettmann and Henderson, 1998) . Translocation of cytochrome c occurs in several experimental models of acute neurological disorders, such as strokes and encephalitis (Gillardon et al., 1997; Yakovlev et al., 1997; Krajewski et al., 1999; Guégan and Sola, 2000; Vereker et al., 2000) . However, whether mitochondrial cytochrome c is released in a chronic neurodegenerative process such as in ALS is not yet known.
Here we show that Bax and cytochrome c translocation occurs in the spinal cord of transgenic mSOD1 mice in parallel with the neurodegenerative process. Concurrently, caspase-9 is activated followed by the activation of caspase-7 and the cleavage of the X chromosome-linked inhibitor of apoptosis protein (XIAP). We also present immunohistochemical evidence supporting the occurrence of cytochrome c translocation in motor neurons of spinal cords from sporadic ALS patients. These findings support the recruitment of the mitochondrial-dependent apoptotic pathway in mice and human ALS cases.
MATERIALS AND METHODS
T ime course of behavioral abnormalities in transgenic mSOD1 mice. As described previously (Vukosavic et al., 2000) , the first behavioral abnormality appeared at ϳ3 months of age in transgenic mSOD1 mice and consisted of a fine tremor and posturing of at least one limb when the animal was held in the air by the tail. Then, progressively, the animals became paralyzed; they were then killed at ϳ5 months of age, corresponding to the end stage.
Animals. T wo lines of hemizygous transgenic mice were used: (1) line G1H (The Jackson Laboratory, Bar Harbor, M E), which carried a substitution of glycine by alanine at codon 93 of the human SOD1 protein and expressed ϳ18 copies of human mutant SOD1 gene (Gurney et al., 1994) ; and (2) line N1029 (The Jackson Laboratory), which expressed Ͼ10 copies of human wild-type (wt) SOD1 gene (Gurney et al., 1994) .
Isolation of c ytosolic and mitochondrial f ractions. Protein extraction of both mitochondrial and cytosolic fractions was performed from fresh spinal cords (n ϭ 4 -6 per group) obtained from transgenic wtSOD mice (3 months of age) and from transgenic mSOD1 mice and their nontransgenic littermates of different ages (1, 2, 3, and 5 months). Tissues were gently homogenized with a glass-glass homogenizer in 10 vol (w/ v) of cold buffer consisting of (in mM): 250 sucrose, 10 KC l, 1.5 MgC l 2 , 2 EDTA, 20 H EPES, and protease inhibitor cocktail (Complete mini; Boehringer Mannheim, Indianapolis, I N). Homogenates were centrif uged (500 ϫ g, 5 min, 25°C), and supernatants were collected and centrif uged (13,000 ϫ g, 20 min, 4°C). Resulting pellets were designated mitochondrial fractions, whereas supernatants were f urther centrif uged (100,000 ϫ g, 60 min, 4°C). Resulting supernatants were designated cytosolic fractions. To verif y the relative mitochondrial purification, each fraction was subjected to Western blotting for ␤-actin as a cytosolic marker using a mouse monoclonal antibody anti-␤-actin (clone AC15; Sigma, St. L ouis, MO) and cytochrome c oxidase (C OX) as a mitochondrial marker using a mouse monoclonal antibody anti-C OX subunit IV (Molecular Probes, Eugene, OR).
Western blot anal ysis. Concentrations of proteins were determined by BCA protein assay (Pierce, Rockford, IL), and immunoblots were processed as described previously (Vukosavic et al., 2000) . For analyzing the subcellular localization of cytochrome c, 30 g of protein from the cytosolic fraction and 4 g of protein from the mitochondrial fraction were electrophoresed on a 15% SDS-polyacrylamide gel. For Bax, caspases, and X IAP analysis, 30 -70 g were used. Gels were blotted to nitrocellulose membrane. The primary antibodies used were as follows: a mouse monoclonal cytochrome c antibody (1:1500 and 1:10,000 final dilutions for cytosolic and mitochondrial fractions, respectively; clone 7H8.2C12; PharMingen, San Diego, CA), a mouse monoclonal anti-Bax antibody (1:250 final dilution for both fractions; SC -7480; Santa Cruz Biotechnology, Santa Cruz, CA), a rabbit polyclonal anti-X IAP antibody (1:150 final dilution; catalog #2042; C ell Signaling Technology, Beverly, M A), a rabbit polyclonal anti-caspase-7 antibody recognizing the proand cleaved forms (1:250 final dilution; catalog #9492; C ell Signaling Technology), and a rabbit polyclonal anti-caspase-9 antibody recognizing the pro-and cleaved forms (1:1000 final dilution; catalog #AAP-109; StressGen Biotechnologies, Victoria, C anada). Bands were visualized by using enhanced chemiluminescent substrate (SuperSignal Ultra; Pierce). Films (Kodak BioMax MS; Eastman Kodak, Rochester, N Y) were scanned, and bands were quantified by using the N IH Image 1.62 software.
Immunohistochemistr y. The immunohistochemical analyses of the experimental mice were performed using our standard protocol on cryostat-cut sections (30 m) obtained from cervical and lumbar segments from spinal cord of transgenic mSOD1 mice at the beginning of symptoms (ϳ3 months of age) and the end stage (ϳ5 months of age) (Kostic et al., 1997) . The immunostaining for cytochrome c was performed using the Vector M.O.M. immunodetection kit (PK-2200; Vector Laboratories, Burlingame, CA) for eliminating the nonspecific background. Sections were incubated overnight at 4°C with the following primary antibodies: anti-cytochrome c mouse monoclonal antibody (1: 1000; PharMingen), anti-cleaved caspase-7 rabbit polyclonal antibody (1:100; catalog #9491; C ell Signaling Technology), and anti-cleaved caspase-9 rabbit polyclonal antibody (1:50; catalog #9501; C ell Signaling Technology). Then the sections were incubated with the biotinylated anti-rabbit IgG (1:200; Vector Laboratories) for 1 hr at room temperature and processed with the ABC system. The peroxidase reaction was revealed with the diaminobenzidine substrate.
The immunohistochemical staining of human spinal cord was applied to 6-m-thick paraffin sections mounted on coated glass slides. The sections were cleared, rehydrated, and subjected to microwave retrieval before staining them for cytochrome c using the same method as for mice.
Human samples. The tissues used originated from six spinal cord samples from patients with AL S and seven from neurological patients with no spinal cord pathology; samples were obtained from the Brain Bank, Department of Pathology at Columbia University. In the AL S group, the cause of death was pneumonia (n ϭ 3) and respiratory failure (n ϭ 3); in the control group, it was pneumonia (n ϭ 2), respiratory failure (n ϭ 3), pulmonary embolism (n ϭ 1), and septic shock (n ϭ 1). At autopsy, brains and spinal cords were removed and processed for banking as described previously (Przedborski et al., 1996) . Half of the brain and selected blocks of each level of the spinal cord were immediately placed in 10% buffered formalin, embedded in paraffin, and subjected to neuropathological examination. There was no significant difference between the time from death to autopsy between the two groups (mean Ϯ SD; AL S, 10.7 Ϯ 5.9 hr; control, 14.6 Ϯ 3.6 hr; p ϭ 0.17; Student's t test). The clinical diagnosis of AL S was confirmed pathologically in all six AL S patients. In these spinal cord specimens, dramatic neuronal loss was observed in the anterior horn with mild to moderate gliosis, whereas no remarkable pathological changes were noted in spinal cords from controls. For the AL S patients, the mean age at onset was 64.3 Ϯ 13.2 years, with a mean duration of disease of 3.3 Ϯ 2.7 years. None of the AL S patients had a family history for the illness.
RESULTS

Release of mitochondrial cytochrome c to the cytosol in ALS
Cytochrome c immunoreactivity was detected by Western blot analysis as a single specific band of 15 kDa ( Fig. 1 A, C), consistent with the gel resolution of the commercially purified cytochrome c protein (data not shown). In nontransgenic mice, the levels of cytochrome c in the cytosolic and mitochondrial fractions did not change over a period corresponding to the lifespan of the transgenic mSOD1 counterparts (Fig. 1) . Conversely, in spinal cord of early symptomatic (ϳ3 months old) and end stage (ϳ5 months old) and, to a lesser extent, of asymptomatic transgenic mSOD1 mice (1-2 months old), levels of cytochrome c were increased in the cytosolic fraction and decreased in the mitochondrial fraction compared with age-matched nontransgenic controls (Fig. 1) . Transgenic wtSOD mice age-matched with early symptomatic transgenic mSOD1 mice showed no alteration of cytosolic and mitochondrial cytochrome c levels ( Fig. 1) . Likewise, no significant change in cytochrome c level was seen in unaffected brain regions of transgenic mSOD1 mice, such as the cerebellum (data not shown).
Cytochrome c immunostaining
To provide more detailed information regarding the cellular localization of released cytosolic cytochrome c, we immunostained spinal cord sections from nontransgenic and symptomatic transgenic mSOD1 mice, both at the beginning of symptoms and at end stage. In nontransgenic mice, numerous neurons immunoreactive for cytochrome c were observed throughout the gray matter of the spinal cord (Fig. 2 A) . Notably, all of these cytochrome c-positive neurons showed immunostaining confined to the cell body and with a fine punctate appearance (Fig. 2 B, C) . In symptomatic mice, many remaining spinal cord neurons in the anterior horn showed a more robust immunoreactivity (Fig.  2 D, E) like that described previously in an ischemic model (Fujimura et al., 1999 (Fujimura et al., , 2000 . In those motor neurons, the fine punctate cytochrome c immunoreactivity appeared markedly reduced, giving way to a more diffuse immunostaining (Fig. 2 E, F ) , consistent with the redistribution of cytochrome c from mitochondria to cytosol in motor neurons of symptomatic mice.
mSOD1-related neurodegeneration stimulates Bax translocation
Because translocation of Bax to mitochondria promotes cytochrome c release (Wolter et al., 1997; Jürgensmeier et al., 1998), we determined Bax content in both cytosolic and mitochondrial fractions of the spinal cord of different groups of mice at different time points. In transgenic mSOD1 mice, cytosolic Bax levels were unchanged in the spinal cords of asymptomatic animals compared with that of nontransgenic controls (Fig. 3 A, B) . In contrast, cytosolic Bax levels were reduced in the spinal cord of both early symptomatic and end-stage mice compared with age-matched nontransgenic (Fig. 3 A, B) and transgenic wtSOD animals (data not shown). In the same transgenic mSOD1 mice, mitochondrial Bax levels steadily augmented in the spinal cords compared with nontransgenic controls during the progression of the disease (Fig. 3C,D) , reaching at end stage more than a twofold increase.
Activation of caspase-9 and caspase-7 in transgenic mSOD1 mice
During apoptotic cell death, pro-caspase-9 (52 kDa) is processed into a large active subunit (35 kDa) and a small unit (17 kDa), whereas pro-caspase-7 (37 kDa) is processed into proteolytic fragments of 28 and 20 kDa. In agreement with this, procaspase-9 and pro-caspase-7 were detected, respectively, as 52 and 37 kDa full-length inactive proteins in cytosolic fractions of spinal cords obtained from nontransgenic age-matched with endstage, asymptomatic, and symptomatic transgenic mSOD1 mice (Figs. 4 A, 5A ). However, levels of pro-caspase-9 and procaspase-7 were decreased in symptomatic transgenic mSOD1 mice compared with nontransgenic controls (Figs. 4 A, 5A ). Although neither active caspase-9 or caspase-7 could be detected in nontransgenic mice, they were both found in symptomatic transgenic mSOD1 (Figs. 4 A, 5A) ; note that active caspase-9 was detected sooner than active caspase-7 (Figs. 4 A, 5A ).
To determine the cellular localization of activated caspases, we immunostained spinal cord sections from age-matched nontransgenic and transgenic mSOD1 mice at end stage with antibodies directed against cleaved caspase-9 and caspase-7. In nontransgenic controls, neither of the two antibodies generated any significant cellular immunostaining for caspase-9 or caspase-7 fragments (Figs. 4 B, 5B) . On the contrary, in transgenic mSOD1 mice, numerous large motor neurons of anterior horn showed a strong immunostaining for active caspase-9 and caspase-7 (Figs. 4 B , 5B).
Cleavage of XIAP reflects caspase activation
The member of the inhibitor of apoptosis family, XIAP, antagonizes the caspase cascade through a direct inhibition of Figure 1 . Western blot analysis of cytochrome c. Protein extracts from cytosol (A, B) and mitochondria (C, D) were obtained from spinal cords of wtSOD1 mice (3 months old), of transgenic mSOD1 mice at asymptomatic stage (AS; 1 and 2 months old), at the beginning of symptoms (BS; 3 months old), at end stage (ES; 5 months old), and of their age-matched nontransgenic mice littermates (Non-Tg). ␤-Actin and COX were used as internal controls for the cytosolic and mitochondrial fractions, respectively. The results of densitometric analysis are shown in B and D. The mean values (n ϭ 4 -6 per group; mean Ϯ SEM) obtained for transgenic mSOD1 mice (black columns) were compared with the values of their age-matched littermates (white columns). *p Ͻ 0.05; **p Ͻ 0.01; Student's t test.
Figure 2. Cytochrome c immunostaining in spinal cord from agematched littermate nontransgenic mice ( A-C) and mSOD1 transgenic mice at end stage ( D-F). In nontransgenic controls, the staining was faint and punctate ( A-C), whereas in end-stage transgenic mSOD1 mice, it was robust and diffuse ( D-F).
caspase-3, caspase-7, and caspase-9 . Cleavage of XIAP reflects an excess of activated caspases and produces a 30 kDa fragment with reduced ability of inhibiting caspases . We used an anti-XIAP antibody recognizing the amino acid residues (ϳ240) corresponding to the cleavage site of XIAP . The full-length protein was detected as a band of 53 kDa in nontransgenic and transgenic mice (Fig. 6) . However, at the end stage of the disease, the level of XIAP was dramatically depleted and a ϳ30 kDa fragment was concomitantly generated (Fig. 6) . A nonspecific band migrating slightly larger than XIAP was also detected as described previously .
Immunostaining of cytochrome c of human spinal cord from ALS patient
As indicated above, translocation of cytochrome c is pivotal in the mitochondrial-dependent caspase activation. Therefore, to determine whether this pathway, as in transgenic mSOD1 mice, is in play in human patients with ALS, we assessed cytochrome c immunostaining in spinal cord specimens from sporadic ALS patients and controls. Very similar to the situation seen in mice, neurons with punctate cytochrome c immunostaining were seen in both controls and ALS (Fig. 7) . As in mice, in ALS specimens but not in controls, several anterior horn neurons exhibited a strikingly more robust and more diffuse cytosolic cytochrome c immunostaining (Fig. 7) .
DISCUSSION
We studied selected key molecular factors of the mitochondrialdependent apoptotic pathway in the spinal cord of transgenic mSOD1 mice and human ALS because of its major potential clinical and therapeutic significance. Herein, we found that cytochrome c contents rose in the cytosolic fraction of transgenic mSOD1 mice, whereas, concomitantly, it dropped in the mitochondrial fraction over the course of the disease. This finding indicates that, during the neurodegenerative process, the spinal cord of transgenic mSOD1 mice is the site of a translocation of cytochrome c from the mitochondria to the cytosol, which is a critical event in the mitochondrial-dependent apoptotic pathway (Kroemer and Reed, 2000) . However, mitochondria in the spinal cord of transgenic mSOD1 mice develop, over the course of the disease, major structural alterations, including cristae distortions, vacuolization, and variable degrees of swelling (Kong and Xu, 1998) . Therefore, the appearance of cytochrome c immunostaining in some areas of motor neurons in affected transgenic mSOD1 mice could correspond to distended mitochondria (Fig. 2 E, F ) , which could possibly account for some of the cytosolic-like cytochrome c immunostaining. Furthermore, cytochrome c may have leaked out from these damaged organelles. Against these hypotheses is the fact that cytochrome c release was detected in transgenic mSOD1 mice before the appearance of those mitochondria alterations (Kong and Xu, 1998) . Supporting the pathological significance of cytochrome c translocation in the transgenic mouse model of ALS are the following observations. First, the redistribution of cytochrome c appeared specific for affected brain regions, because cerebellum, which is devoid of neuropathological changes in this model (Dal Canto and Gurney, 1995) , did not show evidence of cytochrome c translocation. Second, the cytochrome c release was related to the cytotoxic effects of the mutant protein and not to increased SOD1 activity, because age-matched transgenic wtSOD1 mice, with also approximately fourfold increased SOD1 activity (Mena et al., 1997) , did not show spinal cord cytochrome c translocation. Third, cytochrome c translocation culminates in 3-month-old transgenic mSOD1 mice, the age at which the most active wave of motor neuron death occurs in these animals (Kong and Xu, 1998) .
The transgenic mSOD1 mouse is a faithful model of the mSOD1-linked familial form of ALS (Bruijn and Cleveland, 1996) , but how good this experimental model is for sporadic ALS is uncertain. Relevant to this issue is the observation that cytochrome c is, as in the transgenic mice, translocated in human postmortem spinal cord samples from sporadic ALS cases. This finding not only provides further credibility to the transgenic mSOD1 mouse model of ALS but also demonstrates that cytochrome c translocation is probably a consistent neuropathological feature of ALS, regardless of whether or not the disease is linked to mSOD1. Of note, as in ALS cases, several controls died from respiratory failure and yet they showed no evidence of spinal cord cytochrome c translocation. It can thus be suggested that the redistribution of cytochrome c in ALS results from the disease process and not from the cause of death.
Proteins of the Bcl-2 family regulate cell death in part by affecting mitochondrial cytochrome c redistribution (Vander Heiden and Thompson, 1999) . In symptomatic transgenic mSOD1 mice, expression of Bcl-2 and Bcl-xL, which inhibit apoptosis, is reduced, whereas expression of Bad and Bax, which promote apoptosis, is increased . In neuronal death induced by trophic factor deprivation or in Fasinducing cell death, the redistribution of Bax from the cytosol to the mitochondria is a critical event for exerting its proapoptotic activity (Putcha et al., 1999) . Given this, it is important to indicate that Bax does translocate from the cytosol to the mitochondria in spinal cords of affected transgenic mSOD1 mice. This finding agrees with the compartmental redistribution of selected Bcl-2 members in vulnerable regions in ALS patients (Martin, 1999 ). Here we found that the redistribution of Bax to the mitochondria occurs either just before or at the same time as the release of cytochrome c to the cytosol, suggesting that Bax in this model of ALS, as in other cell death settings (Finucane et al., 1999; Putcha et al., 1999) , participates in triggering cytochrome c release.
Once released from the mitochondria, cytochrome c interacts in the cytosol with Apaf-1, forming an ATP-dependent complex that activates caspase-9 (Liu et al., 1996; Li et al., 1997; Zou et al., 1997; Hu et al., 1999; Saleh et al., 1999) , which is instrumental in the mitochondrial-dependent activation of downstream effector caspases such as caspase-3 and caspase-7 (Slee et al., 1999) . In the spinal cord of transgenic mSOD1 mice, a weak activation of caspase-9 is detected in early symptomatic animals, which coincides with the peak of cytosolic cytochrome c, and becomes conspicuous in end-stage animals. In contrast, activation of caspase-7, like that of caspase-3 (Pasinelli et al., 2000; Vukosavic et al., 2000) , appears later over the course of the disease in these mice. This sequence of events is consistent with our current knowledge of the hierarchical organization of these different molecules within this apoptotic cell death-related machinery (Pettmann and Henderson, 1998) . Accordingly, it is likely that activated caspase-9 probably initiates the processing of caspase-7 (Fig. 5) and of caspase-3 (Pasinelli et al., 2000; Vukosavic et al., 2000) . Activated caspase-3 and caspase-7 can cleave other caspases, including caspase-9 (Slee et al., 1999) . Consequently, the late and enhanced surge in caspase-9 activation could result in part from a feedback effect of activated caspase-3 and caspase-7. Aside from the dramatic loss of motor neurons, spinal cord specimens from both human ALS cases and transgenic mSOD1 mice exhibit a strong glial reaction (Adams et al., 1984; Almer et al., 1999; Levine et al., 1999) . Because glial cells can produce potent proapoptotic molecules, including tumor necrosis factor-␣ and interleukin-1-␤, it is plausible that gliosis triggers and/or enhances the apoptotic demise of motor neurons in ALS. Alternatively, the described spinal cord apoptotic markers could have originated, at least in part, from glial cells as in Alzheimer's disease (Shimohama, 2000) . In the spinal cord of transgenic mSOD1 mice, however, it appears that glial apoptosis is either absent or minimal and that most, if not all, apoptotic cells are reminiscent of neurons (Pasinelli et al., 2000; Vukosavic et al., 2000) . Consistent with these previous findings, the present study shows that activated caspase-9 and caspase-7 were found in cells exhibiting a morphology of neurons and not of glial cells. Moreover, the neurons immunopositive for caspase-9, caspase-7, and for diffuse cytochrome c are likely engaged in the dying process, because they appear, in almost all cases, condensed and shrunken. Our observation is consistent with that made by Martin (1999) , indicating in human ALS postmortem samples that most of the remaining motor neurons are at an "attritional stage" and thus are suffering-diseased neurons.
The IAPs family members are very well conserved evolutionary proteins that are characterized by the presence of baculoviralinhibitor of apoptosis repeat (BIR) domains. The overexpression of each member or just the BIR domains is sufficient to block apoptosis in different paradigms of cell death (Liston et al., 1996; Deveraux et al., 1997; Roy et al., 1997) . For instance, overexpression of XIAP attenuates cellular and behavioral deficits produced by an ischemic injury to the rat hippocampus, and adenovirusmediated transgene expression of XIAP blocks the death of dopaminergic neurons in the substantia nigra after the administration of the parkinsonian toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine Eberhardt et al., 2000) . Moreover, some IAP family members can delay motor neuronal death after axotomy (Perrelet et al., 2000) . Here we found that XIAP, the most potent inhibitor of apoptosis in the IAP family , was cleaved, and thus inactivated, in endstage transgenic mSOD1 mice. This data, in association with our previous demonstration of a downregulation of Bcl-2 in transgenic mSOD1 , suggests that not only does the activity of effectors of apoptosis rise over the course of the disease but also that the activity of inhibitors of apoptosis drops. Our demonstration of XIAP cleavage in affected transgenic mSOD1 mice provides meaningful functional information, which allows one to conclude that caspase activation may have real pathological consequences in this model of ALS.
The present study shows that some common apoptotic steps, namely mitochondrial translocation of Bax, cytosolic translocation of cytochrome c, and activation of caspase-9 and caspase-7 are recruited during the degeneration of motor neurons in the spinal cord of transgenic mSOD1 mice. All of these events arise in a sequential manner and are associated with the cleavage of the inhibitor of apoptosis XIAP. Previously, we have demonstrated that caspase inhibition (Li et al., 2000) and Bcl-2 overexpression (Kostic et al., 1997) succeed in prolonging survival but not in Figure 7 . Immunostaining for cytochrome c of spinal cord from ALS patients and controls. The immunostaining for cytochrome c was processed on spinal cord sections obtained from control (A-D; n ϭ 7) and from ALS (E-H; n ϭ 6) patients. In controls, cytochrome c-positive neurons were faintly stained and punctuate ( A-D) . In ALS cases, some neurons exhibited a control-like appearance ( H ), whereas most others were much more intensely and evenly immunostained (F, G).
stopping the disease in transgenic mSOD1 mice. This suggests that, although the mitochondrial apoptotic machinery may be pivotal in the demise of motor neurons in AL S, its multifactorial nature may require combining several anti-apoptotic strategies to achieve optimal neuroprotection. In keeping with this possibility, the present study, by unraveling key apoptotic factors and the sequence in which they intervene, should help in the development of more effective therapeutic approaches for AL S.
